of the substantia nigra with pathological validation in controls and disease, NeuroImage: Clinical (2016),
Introduction
The Substantia Nigra (SN) is located in the mesencephalon posterior to the crus cerebri (CC) and anterior to the midbrain tegmentum and comprised oftwo anatomically and functionally distinct parts: the inferior and posterior SN pars compacta (SNc) containing pigmented melanised neurons, and the superior and anterior (ventral) SN pars reticulata (SNr) . The dopaminergic neurons of the pars compacta project via the nigrostriatal pathway to the striatum, and there is a reciprocal striatonigral projection. The neurons of the SNr form one of the output nuclei of the basal ganglia which along with the internal segment of the globus pallidus project to the thalamus (Nieuwenhuys et al. , 1988) .
The striatonigral projection is commonly used to define the borders of the SN by staining for substance P (SP) (Gibb, 1992 , Mai et al. , 1986 , McRitchie et al. , 1996 or calbindin (CB) (McRitchie et al. , 1996 . Both antibodies label the neuropil and fibres within the SN rather than cell bodies with less immunoreactivity around clusters of pigmented cells (McRitchie et al. , 1996 . Calbindin staining is more intensely medially where occasional positive neurons within the SNc may be found .
The internal anatomy of the SN is complex and various divisions based on identifiable nuclear groups have been proposed (Gibb, 1992 , McRitchie et al. , 1996 , German et al. , 1989 , Fearnley and Lees, 1991 , Gibb and Lees, 1991 , Hassler, 1937 , Olzewski, 1954 . Although 60% of pigmented neurons reside in the A C C E P T E D M A N U S C R I P T
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MR Microscopy of the SN September 2016 6 matrix these are sparsely distributed relative to the 40% of densely packed neurons within well-defined "nigrosomes" . Nigrosome structure is maintained in the presence of Parkinson"s disease pathology but the ventrolateral tier, or nigrosome 1 is most susceptible to neuronal loss in Parkinson"s disease (German et al. , 1989 , Hassler, 1938 . Other neuronal groups may be affected by age (dorsolateral tier, N4) and other neurodegenerative diseases such as Progressive Supranuclear Palsy (ventromedial tier) (Fearnley and Lees, 1991) .
The anatomy of the SN on conventional MRI is not well defined (Adachi et al. , 1999 , Gorell et al. , 1995 , Martin et al. , 2008 , Savoiardo et al. , 1994 , Massey and Yousry, 2010 .
However, using high field MRI the SN is more clearly demarcated (Cho et al. , 2011 , Kwon et al. , 2012 , and nigrosome 1 is visible in the dorsolateral substantia nigra (Blazejewska et al. , 2013) as the "swallow tail sign" which is lost in Parkinson"s disease (Schwarz et al. , 2014) and other parkinsonian conditions (Reiter et al. , 2015) . These parameters were chosen on the basis of pilot acquisitions to yield optimal image contrast for the structures of interest. Images were viewed and processed in ImageJ (version 1.43h, US National Institutes of Health, Bethesda, Maryland) (Rasbrand, 2009 ).
Histological Protocol
The paraffin wax embedded tissue blocks were serially sectioned at 20 microns. Progressive Supranuclear Palsy) at the level of the exit of the IIIrd cranial nerve and RN which is the most studied level in the pathological and radiological literature.
A C C E P T E D M A N U S C R I P T

Results
Characteristics of cases studies
Twenty three cases were included in the study including 10 controls, 8 Progressive Supranuclear Palsy and 5 Parkinson"s disease. [Tab 1].
Defining the anatomy of the SN on SE MRI
The substantia nigra as defined by SP and CB immunohistochemsitry was studied from the level of the STN [level 1] to the level of the brachium conjunctivum [level 7] in serial 0.5mm thick axial sections spaced by 1.0 mm [ Fig 1A-E ].
Borders
Anterior Border
The anterior SN was bordered by the crus cerebri. Immunohistochemistry: SP immunostain defines the anterior border by staining the striatonigral innervating fibres and is in agreement with the LFB/CV stain with fibres seen radiating into the CC [ Fig 1E, Fig 2C&F] . This gives rise to a linear appearance which interdigitates with the crus cerebri [ Fig 1E levels [1] [2] [3] . CB also has a serrated appearance at this level but gives a more uniform appearance with denser staining medially.
spin-echo MRI: The medial part of the anterior border is more diffuse but lacks the interdigitating/serrated appearance of the anatomical and immunocytochemistry [ Fig   1D levels 1-7 ]. There is a hypointense rim (HR) which corresponds to the anterior border but is more prominent superomedially.
Posterior Border
The posterior border of the SN is somewhat controversial in the literature. Using SP immunohistochemistry the parabrachial nucleus (Halliday, 2004) or gamma group of Olzewski (Olzewski, 1954) are excluded and this definition has been used for this study.
LFB/CV: the posterior border is defined by myelinated fibres which appear to run in a posterolateral to anteromedial axis (Adachi et al. , 1999 , Gorell et al. , 1995 Perls: There is less iron staining at the most lateral portion of the border of the SN than medially but it is still evident at the most lateral portion.
Immunohistochemistry: The border is clearly defined although less so on CB than SP immunohistochemical preparation due to the medial-lateral gradient.
spin-echo MRI: The border is clearly defined corresponding to the distribution of myelinated fibres with some iron on the anterior aspect of the lateral border.
Medial Border
This is most clearly defined at the level of the exit of the fascicles of the third nerve. echo MRI it appears heterogeneously with a hypointense rim (HR) and relatively hyperintense core, and is not immediately distinguishable from the SNc using SP or CB immunohistochemistry or by signal characteristics on spin-echo MRI. 
Substantia nigra pars compacta (SNc) internal anatomy
Discussion
We have demonstrated the anatomy of the SN using high field spin-echo MRI at 9.4T and validated this by comparison with stained sections in the same post-mortem tissue. The anterior border of the SN was more clearly delineated laterally and inferiorly whereas there is blurring of the margins between the SN and CC, particularly anteriorly and medially at the most superior levels characterised by higher iron deposition on Perls staining and a serrated edge on SP immunohistochemistry.
The posterior border is formed by white matter lying between the SN and RN in the medial aspect and the SL and ML in the lateral aspect and is mostly hypointense. The hyperintense band described in the literature is more posterior, abutting the RN and forms part of the PBN [Fig 1 B & D levels 3-5]. We have also described three white matter bundles defined by their anatomical position (AM, AL and PL) which are seen on high field MRI and are useful landmarks in the SN.
Within the SN itself there is heterogeneous signal. The region of the SNr is hypointense on spin-echo MRI with a hypointense rim defining its anterior border, and a hypointense band defining its posterior border from the STN. By using immunohistochemistry for CB we are able to accurately locate Damier"s nigrosomes . These are seen on high field spin-echo MRI as hyperintense regions whose position can be clarified by reference to the white matter landmarks AM, AL and PL. In controls the AM white matter landmark forms a hypointense hook appearance, and the combination of high signal from N1 and N4 at the level of the RN and IIIrd nerve fascicles gives a hyperintense "pincer" appearance -similar to the "swallow tail" appearance described using SWI in vivo (Schwarz et al. , 2014 (Kwon et al. , 2012) does not have an obvious pathological correlate particularly given that this is topographically likely to be part of the SNr as it is found in the most anterior and medial part of the whole SN.
Use of post-mortem pathological specimens validates our findings on high field spinecho MRI which was obtained without movement artifacts and time or tolerability constraints which limit in vivo acquisitions. However, the MRI characteristics including relaxation times of fixed post-mortem tissue at room temperature are different to those at body temperature in vivo and fixation leads to asymmetric tissue shrinkage (Quester and Schroder, 1997) .
The anatomy of the SN is highly complex and as can be seen from the serial axial sections [Fig 1] it varies in its cross sectional dimensions and the internal organisation throughout its course. Even the angle of histological sectioning may alter the
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MR Microscopy of the SN September 2016 24 appreciated anatomy (Gibb, 1992 , McRitchie et al. , 1996 , German et al. , 1989 , Fearnley and Lees, 1991 , Gibb and Lees, 1991 , Hassler, 1937 , Olzewski, 1954 . Currently, conventional imaging techniques are too insensitive to these subtleties possibly explaining the heterogeneity of published work (Adachi et al. , 1999 , Gorell et al. , 1995 , Martin et al. , 2008 , Savoiardo et al. , 1994 , Massey and Yousry, 2010 , with pathological confirmation the exception rather than rule (Blazejewska et al. , 2013 , Oikawa et al. , 2002 . Many early studies have been based on a presumed understanding of the anatomy on conventional MRI (Duguid et al. , 1986 , Rutledge et al. , 1987 , Pujol et al. , 1992 (for review see (Massey and Yousry, 2010) ).
High resolution 3T imaging sensitive to the paramagnetic effects of neuromelanin shows signal hyperintensity in the SN (Sasaki et al. , 2006) . Multishot diffusionweighted MR imaging with a left to right diffusion direction gradient may better define the borders of the SN than T2w imaging (Adachi et al. , 1999) . Other published techniques to delineate the SN include T1 weighted techniques (Menke et al. , 2009), relaxometry (Gorell et al. , 1995 , Martin et al. , 2008 , Ordidge et al. , 1994 , Peran et al. , 2010 , segmented inversion recovery imaging (Hutchinson et al. , 2003 , Raff et al. , 2006 , T2w and T2*-weighted techniques (Eapen et al. , 2011) , susceptibility weighted imaging (SWI) (Abosch et al. , 2010) and magnetisation transfer ratio imaging (Helms et al. , 2009 ).
More recent in vivo work at 7.0T has improved the resolution, contrast and signal-tonoise ratio using T2* (Cho et al. , 2011 , Kwon et al. , 2012 and at 3.0T in vivo the swallow tail sign has been found to be a reliably identifiable feature in the dorsolateral SN (Schwarz et al. , 2014 , Reiter et al. , 2015 . However, caution is still required in interpreting imaging even at 3.0T -the resolution of in vivo images remains below that required for accurate discrimination of these subdivisions in the SN. Diffusion tensor imaging has been shown to be both highly sensitive and specific for Parkinson"s disease (Vaillancourt et al. , 2009) , and to demonstrate age-appropriate changes (Vaillancourt et al. , 2012) , although these findings have not been corroborated .
CB immunohistochemistry has enabled us to define nigrosomes on our histological sections with all 5 nigrosomes seen in serial axial MR images [ Figure 1 ]. We do not appear to be imaging the pigmented neurons themselves -when they are absent in Parkinson"s disease the spin-echo MRI hyperintensity remains [ Fig   5] . This is in keeping with pathological work where the nigrosome structure is maintained even in the face of loss of pigmented SNc cells . Many studies have tried to detect differences in the traditionally-defined SNc (Duguid et al. , 1986) using conventional MRI. There are reports of reduced width (Duguid et al. , 1986 , Pujol et al. , 1992 , Yagishita and Oda, 1996 or smudging of the SNr hypointensity (Savoiardo et al. , 1994 , Savoiardo et al. , 1989 , Savoiardo et al. , 1990 . However, only one study has found a correlation between the width of the SNc and a measure of clinical severity (Pujol et al. , 1992) .
Using multishot diffusion-weighted MRI to define the borders of the SN more clearly also did not show a reduced SN width in Parkinson"s disease (Adachi et al. , 1999) , and there were similar findings using diffusion-weighted or fast STIR images (Oikawa et al. , 2002) . However, this is not greatly surprising as although there is loss of neuromelanin-containing pigmented cells in the SNc in Parkinson"s disease (Fearnley and Lees, 1991 , Ma et al. , 1997 , Hardman et al. , 1997 the pathological literature supports the fact that the volume of the SN does not reduce in Parkinson"s disease (Ma et al. , 1997) . In fact, pathological data in aging (Cabello et al. , 2002) and a recent imaging study in Parkinson"s disease (Kwon et al. , 2012) even suggest that it may paradoxically increase in size. Our data support this idea -both in terms of the absolute measured volume not being significantly different from controls in Parkinson"s disease [Tab 2], and in the appearance of the SN in the axial plane having preserved width and depth both subjectively [ Fig 6] and quantitatively [Tab 2]. . Although there has already been some success in detecting the regional distribution of pathology in the SN in Parkinson"s disease using techniques sensitive to microscopic changes such as DTI (Peran et al. , 2010 , Vaillancourt et al. , 2009 , Chan et al. , 2007 in agreement with the pathological topography (Fearnley and Lees, 1991) ,, subsequent studies have not confirmed this (Menke et al. , 2009). In Progressive Supranuclear Palsy far greater destruction of the borders and internal architecture of the SN is found with loss of the nigrosomal spin-echo MRI hyperintensity [Fig 5, Tab 2 & 3] . This is manifest as a reduced volume which is consistent with both the pathological literature where Progressive Supranuclear Palsy affects both SNr and SNc (Hardman et al. , 1997 , Oyanagi et al. , 2001 , and imaging literature where a smaller SN has been described using multishot diffusion-weighted imaging (Adachi et al. , 1999) . Many conventional MRI abnormalities have been described in the SN in Progressive Supranuclear Palsy but none are of clinical utility currently . There remain many unanswered questions that will inform future research: there is very little information about the heterogeneity of iron deposition in the body and anterior border of the SN and the precise location of the iron, or its role in the pathogenesis. The precise anatomical correlate of signal hyperintensity on spin-echo MRI in the region of the nigrosomes is not clear but it appears not to be the pigmented neurons of the SNc as already discussed. The best method to study the anatomy of the SN is also unclear -iron is clearly important in the pathogenesis and so iron-sensitive techniques such as T2*-weighted MRI and SWI should be employed but we have shown that iron strays outside the SN proper and therefore these methods may be misleading. Further studies are needed to answer some of these questions which in the absence of SN morphological changes in Parkinson"s disease, will require quantitative MRI techniques such as relaxometry, DTI and MTI with higher than currently commonly available in-plane resolution, with correlative histopathological work.
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We have demonstrated the anatomy of the SN histologically and applied this knowledge to understand the complex and heterogeneous high field spin-echo MRI SN appearance in the same tissue. We have demonstrated the visibiltiy of the nigrosomes using this technique and the preservation of N1 in Parkinson"s disease but not Progressive Supranuclear Palsy, in accordance with pathological evidence.
Further work is needed to clarify the pathological correlates of MRI findings.
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Borders
Anterior Medial blurring 3/3 3/3 3/3 2/2 2/2 2/2 2/2 2/2 2/2 Lateral clarity 3/3 3/3 3/3 2/2 2/2 2/2 2/2 2/2 2/2 Posterior TMF 3/3 mild 3/3 0/3 1/2 mild 1/2 0/2 2/2 0/2 0/2 ML 3/3 0/3 0/3 2/2 0/2 1/2 extn 2/2 0/2 0/2 Medial III 3/3 0/3 0/3 2/2 0/2 0/2 2/2 0/2 0/2 Lateral CC 3/3 3/3 3/3 Landmarks AM 3/3 2/3 2/3 hypo 2/2 2/2 hypo 2/2 2/2 2/2 hypo AL 3/3 3/3 3/3 hypo 2/2 2/2 hypo 2/2 2/2 hypo PL 3/3 1/3 3/3 2/2 2/2 hypo 2/2 2/2 hypo AL 9/9 9/9 8/8 5/8 5/5 5/5 PL 9/9 8/9 6/8 1/8 5/5 5/5
Internal Anatomy N1 9/9 9/9 6/8 sparse 2/8 stringy 0/5 5/5 faint N2 9/9 0/9 6/8 sparse 0/8 4/5 sparse 0/5 N3 9/9 7/9 6/8 sparse 1/8 3/5 sparse 3/5 faint N4 8/9 8/9 4/8 sparse 4/8 stringy 4/5 sparse 5/5 faint N5 Pincer 9/9 9/9 0/8 3/8 0/5 4/5
Hook 6/9 9/9 5/8 2/8 5/5 5/5 Highlights:
Comments
 We demonstrate the substantia nigra anatomy using high field spin-echo MRI  MRI -pathological correlation validates our findings  We were able to delineate the subcompartments of the substantia nigra -the nigrosomes  In Parkinson"s disease nigrosome structure was maintained but it was lost in Progressive Supranuclear Palsy
